It has been proposed that the topoisomerase II (TOP2)␤-DNA covalent complex arrests transcription and triggers 26S proteasome-mediated degradation of TOP2␤. It is unclear whether the initial trigger for proteasomal degradation is due to DNA damage or transcriptional arrest. In the current study we show that the TOP2 catalytic inhibitor 4,4-(2,3-butanediyl)-bis(2,6-piperazinedione) (ICRF-193), which traps TOP2 into a circular clamp rather than the TOP2-DNA covalent complex, can also arrest transcription. Arrest of transcription, which is TOP2␤-dependent, is accompanied by proteasomal degradation of TOP2␤. Different from TOP2 poisons and other DNA-damaging agents, ICRF-193 did not induce proteasomal degradation of the large subunit of RNA polymerase II. These results suggest that proteasomal degradation of TOP2␤ induced by the TOP2-DNA covalent complex or the TOP2 circular clamp is due to transcriptional arrest but not DNA damage. By contrast, degradation of the large subunit of RNA polymerase II is due to a DNA-damage signal.
D
NA topoisomerase (TOP)-mediated DNA damage (i.e., TOP-DNA covalent complexes) is an important form of DNA lesion that can be induced by xenobiotics (e.g., antibiotics and anticancer drugs), DNA structural perturbations (e.g., UV and carcinogen-DNA adducts), and physiological stresses (e.g., thiol stress and acidic pH) (1, 2) . This form of DNA lesion is due to accumulation of the covalent intermediate of the TOP reaction, often referred to as the TOP cleavable or cleavage complex (1, 2) . TOP-mediated DNA damage induced by anticancer drugs has been shown to be highly efficient in inducing tumor-cell death (3) . Despite the importance of TOP-mediated DNA damage, the molecular mechanism(s) for repair of TOP-mediated DNA damage has been unclear. Recent studies have demonstrated that TOP-DNA covalent complexes induced by either the TOP1-specific poison camptothecin (CPT) or TOP2-specific poison 4Ј-demethylepipodophyllotoxin thenylidene-␤-D-glucoside (VM-26) undergo 26S proteasome-mediated degradation referred to as TOP downregulation (4, 5) . It has been suggested that this down-regulation represents a cellular repair͞stress response to TOP-mediated DNA damage.
Both TOP1 and TOP2 down-regulation induced by drugs that trap TOP covalent complexes depend on transcription but not new protein synthesis (4, 5) . It has been suggested that TOP-DNA covalent complexes can arrest transcription and trigger TOP down-regulation (4, 5) .
Surprisingly, transcription-dependent TOP2 degradation targets predominantly the TOP2␤ isozyme (4) . Two TOP2 isozymes, TOP2␣ and TOP2␤, are present in human cells and share Ϸ72% sequence identity (6) (7) (8) . However, they are regulated very differently. The TOP2␣ protein level peaks at the G 2 ͞M phase and is elevated greatly in proliferating and tumor cells (9) . TOP2␣ has been considered a cell-proliferating marker (10) . Recently, chicken TOP2␣, but not TOP2␤, has been colocalized with sites of DNA replication (11) . By contrast, the TOP2␤ protein level is not changed significantly during the cell cycle and is often present in both proliferating and differentiated cells (9) . TOP2␤ has been mapped within the transcribed region of the rRNA-encoding DNA and shown to affect expression of certain neuronal genes during neuronal differentiation (12) (13) (14) . It seems that TOP2␣ may play a more important role in DNA replication and chromosome condensation͞segregation, whereas TOP2␤ may be more important for transcription. Preferential degradation of TOP2␤ induced by TOP2 poisons thus may be related to the role of TOP2␤ in transcription.
The initial trigger for TOP2␤ down-regulation is still unclear. One possibility is that TOP2␤-DNA covalent complexes may induce a DNA-damage signal. Alternatively, arrest of the RNA polymerase (Pol) may signal a 26S proteasome pathway. To distinguish between these two possibilities, the TOP2 catalytic inhibitor 4,4-(2,3-butanediyl)-bis(2,6-piperazinedione) (ICRF-193), which does not trap TOP2-DNA covalent complexes but stabilizes ATP-bound TOP2 in the closed-clamp conformation (15) , was used in the current study. We show that ICRF-193 can also arrest transcription and triggers proteasomal degradation of TOP2␤. However, unlike TOP2 poisons and other DNAdamaging agents, ICRF-193 does not induce proteasomal degradation of the large subunit of Pol II.
Materials and Methods
Materials. ICRF-193 was purchased from ICN. VM-26 was a gift from Bristol-Myers Squibb. 5,6-Dichlorobenzimidazole riboside (DRB), demethylepipodophyllotoxin ethylidene-␤-D-glucoside (etoposide), CPT, aphidicolin, and cycloheximide were purchased from Sigma. Staphylococcus aureus S7 nuclease was purchased from Roche Molecular Biochemicals. The caspase inhibitor Z-Asp(OCH 3 )-Glu(OCH 3 )-Val-Asp(OCH 3 )-f luoromethyl ketone was purchased from Calbiochem. Rabbit sera against human (h)TOP2␣ and hTOP2␤ were prepared as described (4). Anti-actin and anti-p53 antibodies were purchased from Oncogene. ARNA-3 antibodies (Research Diagnostics, Flanders, NJ) directed against a non-carboxyl-terminal domain, unphosphorylated epitope (amino acids 806-820) were used to detect both Pol IIa (hypophosphorylated form) and Pol II 0 (hyperphosphorylated form). hTOP2␣ and hTOP2␤ isozymes were purified from yeast by using the published procedure (16) .
Cell Culture. HeLa and human breast cancer ZR75-1 cells were cultured in a humidified atmosphere of 5% CO 2 at 37°C in RPMI medium 1640 containing penicillin-streptomycin and 10% FBS. The HL-60 cell line and its mitoxantrone-resistant (TOP2-deficient) variant, HL-60͞MX2, were obtained from the American Type Culture Collection (17) . The simian virus 40-transformed TOP2␤ knockout mouse embryo fibroblast cell line TOP2␤(Ϫ͞Ϫ) and its parental simian virus 40-transformed TOP2␤(ϩ͞ϩ) cell line were cultured under the same condition (18) .
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Abbreviations: TOP, topoisomerase; CPT, camptothecin; VM-26, 4Ј-demethylepipodophyllotoxin thenylidene-␤-D-glucoside (teniposide); Pol, RNA polymerase; ICRF-193, 4,4-(2,3-butanediyl)-bis(2,6-piperazinedione); DRB, 5,6-dichlorobenzimidazole riboside; h, human; ICE, in vivo complex of enzyme; Gdn⅐HCl, guanidine hydrochloride.
Immunoblotting Analysis. Treated cells were lysed either directly with SDS sample buffer or by an alkaline solution as described (4). For alkaline lysis, 100 l of an alkaline lysis solution (200 mM NaOH͞2 mM EDTA) was added to each sample. The lysate was neutralized by 8 l of 1.2 M Tris (pH 8.0) and 8 l of 2 M HCl. The neutralized lysate was mixed with 13.2 l of 10ϫ S7 nuclease reaction buffer (50 mM MgCl 2 ͞50 mM CaCl 2 ͞5 mM DTT͞1 mM EDTA͞50 g/ml leupeptin͞50 g/ml aprotinin͞50 g/ml pepstatin A͞1 mM PMSF) and 60 units of staphylococcal S7 nuclease (the staphylococcal S7 nuclease treatment was omitted in the band-depletion assay, which is used to monitor the amount of TOP-DNA covalent complexes) (19) . After 20 min of ice nuclease digestion, 60 l of 3ϫ SDS sample buffer (150 mM Tris⅐HCl, pH 6.8͞45% sucrose͞6 mM EDTA͞9% SDS͞10% 2-mercaptoethanol͞0.03% bromophenol blue) was added to each sample. The samples were subjected to SDS͞PAGE and immunoblotted with anti-TOP antibodies.
Uridine Incorporation. Cells were treated with different drugs for 30 min. 3 H-labeled uridine (1 Ci͞ml; 1 Ci ϭ 37 GBq) then was added to the medium and cultured for 15 min. Cells were lysed with 100 l of a lysis buffer (4 M guanidine isothiocyanate͞0.5% sodium lauryl sarcosine͞2 mM sodium acetate͞0.1 M 2-mercaptoethanol). Twenty-microliter aliquots were spotted onto DE-81 paper. The dried paper was washed three times with 0.3 M ammonium formate (pH 7.8) and once with 90% ethanol. The dried paper was placed in a vial containing 4 ml of a scintillation fluid (EcoLite, ICN) and counted in a scintillation counter.
Nucleosomal DNA-Fragmentation Assay. The nucleosomal DNAfragmentation assay was performed as described (20) .
In Vivo Complex of Enzyme (ICE) Assay. The ICE assay was used to monitor the amount of covalent protein-DNA complexes in cells (21) . Briefly, 1 ϫ 10 7 HL-60 cells per sample were treated with different drugs for 30 min. Cells then were collected and lysed with 1 ml of 1% Sarkosyl or 6 M guanidine hydrochloride (Gdn⅐HCl). The lysates were passed through a 26-gauge needle five times. Two milliliters of each CsCl solution (1.82, 1.72, 1.50, and 1.37 g͞ml) was layered successively in a polyallomer tube to generate the step CsCl gradient. The volume of the lysate was adjusted with 1% Sarkosyl or 6 M Gdn⅐HCl to 2 ml and layered gently on top of the gradient. The samples were centrifuged at 20°C in a Beckman SW41 rotor at 31,000 rpm for 24 h. Approximately 1 ml of each fraction was collected from the bottom of the tube. One hundred microliters of each fraction was diluted with 100 l of 25 mM sodium-phosphate buffer (pH 6.5) and then spotted in a slot-blot apparatus onto the nitrocellulose membrane presoaked in sodium-phosphate buffer for 30 min. The membrane was washed with sodium-phosphate buffer and immunoblotted with anti-TOP2 antibodies.
Results
The TOP2 Catalytic Inhibitor ICRF-193 Induces Down-Regulation of hTOP2␤. Earlier studies have demonstrated that the TOP2 poison VM-26, which traps TOP2-DNA covalent complexes, induces proteasomal degradation of TOP2 (4). To test whether TOP2 degradation is in response to a DNA-damage signal induced by VM-26, a TOP2 catalytic inhibitor, ICRF-193, that does not trap TOP2-DNA covalent complexes, was used in the current study. ICRF-193 traps TOP2 in its ATP-bound closed-clamp form by interfering with the ATPase activity of TOP2 and the reopening of the closed-clamp form (15) . Treatment of HeLa cells (Fig. 1A ) and the breast cancer ZR75-1 cells (Fig. 1B) with 100 M ICRF-193 resulted in a time-dependent reduction of the total cellular TOP2␤ protein level. In both cell lines, 50% reduction of the TOP2␤ protein level occurred within 2 h. Degradation of TOP2␤ was shown to be specific because no significant reduction of the overall protein was observed (data not shown). In addition, the TOP1 protein level was essentially unchanged over the 6-h period ( Fig. 1 A and B) . The reduction of TOP2␤ in ICRF-193-treated cells was not related to covalent TOP2␤-DNA complex formation because the lysates were treated with staphylococcal S7 nuclease to remove DNA. S7 nuclease treatment has been shown to completely release covalently bound TOP2 from covalent TOP2-DNA complexes (4). The reduction of TOP2␤ thus is likely to be the result of specific proteolytic degradation of TOP2␤.
There was no significant change of the TOP2␣ protein level in either cell line treated with ICRF-193 ( Fig. 1 A and B) . The preferential degradation of TOP2␤ over TOP2␣ has been observed previously in cells treated with the TOP2 poison VM-26 (4) . To test whether ICRF-193 preferentially inhibits TOP2␤ over TOP2␣, the effect of ICRF-193 on TOP2-DNA covalent complexes was determined by the band-depletion assay. The antagonistic effect of ICRF-193 on TOP2 poisons-induced TOP2-DNA covalent complexes has been noted before (22) . As shown in Fig. 1C , VM-26 trapped an equal amount of TOP2␣ and TOP2␤ covalent complexes as evidenced by depletion of the TOP2␣ and TOP2␤ protein bands, respectively. ICRF-193 (100 M) was shown to reduce VM-26-induced TOP2␣ and TOP2␤ covalent complexes with about the same efficiency (Fig. 1C) . This result suggests that preferential degradation of TOP2␤ over TOP2␣ is not due to preferential inhibition of TOP2␤ over TOP2␣ by 26S Proteasome Is Involved in hTOP2␤ Down-Regulation. is known to induce apoptotic cell death (23) . Degradation of TOP2␤ could be due to the indirect result of cell death. To test this possibility, the caspase inhibitor Z-Asp(OCH 3 )-Glu-(OCH 3 )-Val-Asp(OCH 3 )-fluoromethyl ketone (50 M) was used to inhibit apoptosis. As shown in Fig. 2A , treatment with the caspase inhibitor had no effect on ICRF-193-induced TOP2␤ degradation, suggesting that apoptosis is not responsible for TOP2␤ degradation. However, treatment with the 26S proteasome inhibitor MG132 substantially abrogated ICRF-193-induced TOP2␤ degradation in HL-60 cells, suggesting the involvement of 26S proteasome in TOP2␤ degradation. It should be noted that ICRF-193 is highly efficient and specific in inducing TOP2␤ degradation in HL-60 cells. More than 50% TOP2␤ was degraded with as low as 1 M ICRF-193 in 4 h, whereas TOP2␣ was essentially unchanged even with 100 M ICRF-193 (Fig. 2B ).
Transcription Is Involved in hTOP2␤ Down-Regulation. Previous studies have demonstrated that VM-26-induced degradation of TOP2-DNA covalent complexes depends on transcription but not DNA or protein synthesis (4) . It has been suggested that blockage of transcription is primarily responsible for proteasomal degradation of TOP2. To test whether ICRF-193-induced degradation of TOP2␤ also involves transcription, various metabolic inhibitors were used. As shown in Fig. 2C , inhibition of transcription by DRB (150 M) substantially blocked TOP2␤ degradation. This result is confirmed with another potent transcription inhibitor, CPT (25 M; see Fig. 2C ; ref. 24) . On the other hand, the DNA replication inhibitor aphidicolin did not affect ICRF-193-induced TOP2␤ degradation (Fig. 2D) . Most interestingly, the protein-synthesis inhibitor cycloheximide had no effect on ICRF-193-induced TOP2␤ degradation, suggesting that the effect of transcription is not due to the expression of a gene product(s).
One possible explanation for the involvement of transcription in ICRF-193-induced TOP2␤ degradation is that the TOP2␤ circular protein clamp, similar to TOP2-DNA covalent complexes, blocks transcription elongation. To test this possibility, the effect of ICRF-193 on transcription was measured by (Fig. 3A) . Inhibition on transcription was significantly less in TOP2-deficient HL-60͞MX2 cells (Fig. 3A) , suggesting the involvement of (Fig. 3B) , suggesting the involvement of TOP2␤ in transcription inhibition by ICRF-193. The reduced inhibitory effect of ICRF-193 on transcription in TOP2-deficient cell lines is not due to a nonspecific effect, because other transcription inhibitors such as DRB and CPT inhibited uridine incorporation to the same extent in both TOP2-deficient and -proficient cell lines (Fig. 3) . These results are consistent with the notion that transcription inhibition is due to blockage of the Pol elongation complex by the TOP2 circular clamp (in the case of or the TOP2-DNA covalent complex (in the case of VM-26). We noticed that ICRF-193 also inhibited transcription in TOP2␤(Ϫ͞Ϫ) cells, although to a lesser extent than that in TOP2␤(ϩ͞ϩ) cells, suggesting that some TOP2␣ circular clamps may also block transcription in TOP2␤(Ϫ͞Ϫ) cells. This surprising result could be explained, because TOP2␣ was found to be degraded in TOP2␤(Ϫ͞Ϫ) cells treated with ICRF-193 (data not shown). One possible explanation for this result is that TOP2␣ may partially substitute for TOP2␤ function in transcription in TOP2␤(Ϫ͞Ϫ) cells.
ICRF-193
Up-Regulates p53 and Induces Apoptosis. Transcriptional arrest caused by DNA adducts and other agents (e.g., DRB and ␣-amanitin) have been shown to up-regulate p53 and induce apoptosis (25, 26) . As shown in Fig. 4A, ICRF-193 , similar to demethylepipodophyllotoxin ethylidene-␤-D-glucoside and CPT, up-regulated p53 in the breast cancer ZR75-1 cells. In addition, ICRF-193 also induced apoptosis in HL-60 cells as evidenced by the formation of nucleosomal DNA fragments (Fig. 4B Left) . ICRF-193-induced apoptosis in HL-60 cells was shown to depend on the presence of TOP2, because no nucleosomal DNA fragments were observed in the TOP2-deficient HL-60͞MX2 cells (Fig. 4B Right) . VM-26 was used as a positive control, which induced apoptosis in HL-60 but not HL-60͞MX2 cells. CPT and DRB were used as negative controls, which induced apoptosis in both cell lines (Fig. 4B) . It is noted that although ICRF-193 is as efficient as VM-26 in inducing TOP2␤ down-regulation when compared at the same concentration, 
ICRF-193 is significantly less potent in up-regulation of p53 and induction of apoptosis.

ICRF-193 Does Not Trap TOP2-DNA Covalent Complexes.
Earlier studies have demonstrated that ICRF-193 induces TOP2 circular clamps and does not trap a significant amount of TOP2-DNA covalent complexes (27) . However, a more recent study has suggested that ICRF-193 can trap a substantial amount of covalent TOP2␤ (but not TOP2␣)-DNA complexes if Gdn⅐HCl rather than SDS is used to terminate the reaction (28) . Their results could explain why ICRF-193 induces preferential degradation of TOP2␤, because only TOP2␤ can be trapped efficiently by ICRF-193 into covalent TOP2␤-DNA complexes. We thus initiated the following studies to ascertain the effect of ICRF-193 on trapping of covalent TOP2-DNA complexes. As shown in Fig. 5A , ICRF-193 (200 M, 30 min) did not trap any detectable amount of TOP2-DNA covalent complexes in HL-60 cells by using the alkaline lysis procedure (compare lanes 3 and 6). By contrast, VM-26 (100 M, 30 min) trapped a significant amount (Ͼ60%) of TOP2␤-DNA covalent complexes (Fig. 5A,  compare lanes 2 and 5) . The recovery of TOP2␤ in S7 nucleasetreated samples was Ϸ60% (Fig. 5A , compare lanes 5 and 6 with 4), most likely reflecting covalent modification of TOP2␤ by ubiquitin and other related proteins (4, 29) . For comparison, TOP2␤ degradation in HL-60 cells treated with 100 M VM-26 and 100 M ICRF-193 for 4 h was shown to be approximately the same (Fig. 5B) . These results suggest that covalent TOP2␤-DNA complexes are unlikely to be the cause of ICRF-193-induced degradation of TOP2␤.
We have also measured the amount of covalent TOP2-DNA complexes using the ICE assay (21) . As shown in Fig. 6A (bottom row), ICRF-193 (100 M) did not induce any detectable amount of TOP2-DNA complexes when treated cells were lysed with 1% Sarkosyl. By contrast, VM-26 induced a dose-dependent increase in the amount of both covalent TOP2␣-DNA and TOP2␤-DNA complexes by using the same lysis procedure (Fig. 6A) .
In addition, we tested whether ICRF-193 could trap covalent TOP2␤-DNA complexes in HL-60 cells by using 6 M Gdn⅐HCl as the termination͞lysis solution. Using the ICE assay, we showed that ICRF-193 (100 M) did not trap any detectable amount of covalent TOP2␤-DNA complexes in HL-60 cells by using either Sarkosyl (1%) or Gdn⅐HCl (6 M) as the termination͞lysis solution (Fig. 6B, bottom two rows) . By contrast, a substantial amount of covalent TOP2␣-DNA and TOP2␤-DNA complexes was trapped by VM-26 (10 M; Fig. 6B ). We also tested the effect of Gdn⅐HCl on the trapping of ICRF-193-induced TOP2-DNA covalent complexes in the purified system using linear DNA and purified hTOP2 isozymes (30) . Compared with SDS (1%) as the terminating agent, Gdn⅐HCl (0.4 M) was ineffective in trapping either TOP2 isozyme into covalent complexes (data not shown).
VM-26 but Not ICRF-193 Induces Proteasomal Degradation of Pol II.
Many DNA-damaging agents have been shown to arrest transcription and trigger degradation of the large subunit of Pol II through the ubiquitin͞26S proteasome pathway (31, 32) . As shown in Fig.  7A , VM-26 (100 M) induced degradation of the large subunit of Pol II in breast cancer ZR75-1 cells. Degradation of the large subunit of Pol II was shown to be inhibited by MG132, suggesting the involvement of 26S proteasome (Fig. 7A) . By contrast, ICRF-193 (100 M) had no effect on the large subunit of Pol II (Fig. 7A) . On the other hand, both VM-26 and ICRF-193 were effective in inducing TOP2␤ degradation (Fig. 7B ). We have also tested the effect of VM-26 and ICRF-193 on Pol II in Chinese hamster V79 cells, and the same results were obtained (data not shown). These results suggest that TOP2␤ degradation, unlike degradation of the large subunit of Pol II, is not the result of DNA damage.
Discussion
Using the prototypic TOP2 poison VM-26, we have shown that TOP2-DNA covalent complexes are degraded by 26S proteasome (4). VM-26-induced proteasomal degradation is transcriptiondependent and predominantly targets TOP2␤ (4). One possible explanation is that the TOP2-concealed strand breaks may trigger TOP2 degradation (4) . Results from our current study with the TOP2 catalytic inhibitor ICRF-193 argue against this possibility. ICRF-193 belongs to a different class of TOP2 inhibitors than TOP2 poisons. ICRF-193 interferes with ATP hydrolysis and traps TOP2 in the ATP-bound closed-clamp form (33) . The fact that the TOP2␤ circular clamp induced by ICRF-193 can trigger transcription-dependent proteasomal degradation of TOP2␤ suggests that DNA strand breaks are not likely to be responsible for TOP2␤ degradation induced by either ICRF-193 or VM-26.
Another possibility is that the arrest of the Pol elongation complex could trigger TOP2␤ degradation. Our previous studies have shown that TOP2␤ down-regulation induced by VM-26 depends on transcription but not synthesis of new proteins (4) . Our current studies with ICRF-193 have revealed a similar dependence of TOP2␤ degradation on transcription. In addition, we have shown that transcription inhibition by ICRF-193 is reduced significantly in TOP2␤(Ϫ͞Ϫ) cells. It seems that TOP2␤ down-regulation depends on both the process of transcription and the presence of the TOP2␤ circular clamp. A transcription collision model has been proposed previously for the interaction between the TOP1-DNA covalent complex and the Pol elongation complex (5, 34) . In this model, TOP1-DNA covalent complexes on the template strands block Pol elongation complexes, which results in displacement (melting) of the 5Ј hydroxylcontaining broken DNA strands from the cleavage sites and hence the formation of nonreversible TOP1-linked DNA breaks (5, 34) . A similar transcription collision model has been proposed for the interaction between TOP2-DNA covalent complexes and the Pol elongation complex (4). It has been suggested that the transcriptional arrest by the TOP2-DNA covalent complexes signals proteasomal degradation of TOP2␤ (4). It seems plausible that the same transcription collision model could be applied to explain ICRF-193-induced TOP2␤ degradation (see Fig. 8 for a model) . In this model, the TOP2 circular clamp, similar to the TOP2-DNA covalent complex, acts as a roadblock for the Pol elongation complex. Transcriptional arrest then signals the 26S proteasome pathway to degrade TOP2 (Fig. 8) . In this case, blockage of the Pol elongation complex is due to the TOP2 circular clamp but not the covalent protein-DNA adduct.
It is unclear how the TOP2 circular clamp can block transcription. The TOP2 circular clamp formed in the presence of DNA could be immobile, which, similar to TOP2 covalent complexes, can also function as a roadblock for the Pol. Alternatively, the TOP2␤ circular clamp may be a sliding clamp (30) , which may impede the ability of Pol to negotiate with the nucleosome (35, 36) . In either case, degradation of the TOP2␤ circular clamp could be the solution for recovery of the arrested Pol complex (see Fig. 8 ).
It is still unclear what the signal is for TOP2 degradation when the Pol elongation complex is arrested by the roadblock. It has been shown that the 19S regulatory subunit of 26S proteasome is involved in transcription elongation and is associated with the Pol elongation complex (37) . The 19S regulatory subunit is known to recognize the polyubiquitin chain and contains multiple ATPases that can unfold proteins (38) . The 19S regulatory subunit of the 26S proteasome could function to remove protein roadblocks for the Pol elongation complex.
We have noted that VM-26 but not ICRF-193 can also trigger proteasomal degradation of the large subunit of Pol II (Fig. 7) . Proteasomal degradation of the large subunit of Pol II has been shown to occur in cells treated with various DNA-damaging agents (31, 32) . It has been suggested that proteasomal degradation of the large subunit of Pol II is the result of transcriptional arrest of the Pol elongation complex by DNA adducts (31, 32) . The fact that ICRF-193 arrests transcription without inducing degradation of the large subunit of Pol II suggests that transcriptional arrest, which signals TOP2␤ degradation, may not be sufficient by itself to signal degradation of the large subunit of Pol II. It seems plausible that a DNA-damage signal accompanied by transcriptional arrest at the site of DNA damage may signal for degradation of the large subunit of Pol II. The nature of this DNA-damage signal at the arrested sites remains to be identified. Regardless of the molecular basis for degradation of the large subunit of Pol II, the failure of ICRF-193 to induce its degradation is consistent with the notion that ICRF-193, unlike VM-26, does not induce DNA damage (i.e., TOP2-DNA covalent complexes) in cells.
The preferential degradation of TOP2␤ over TOP2␣ occurs in cells treated with either the TOP2 poison VM-26 or TOP2 inhibitor ICRF-193 (4). The mechanism for preferential TOP2␤ degradation is still unclear. There are at least three possibilities. One is that ICRF-193 preferentially inhibits TOP2␤ over TOP2␣. This seems very unlikely, because we have shown that ICRF-193 inhibits the formation of both covalent TOP2␣-DNA and TOP2␤-DNA complexes to a similar extent in cells (Fig.  1C) . In addition, both VM-26 and ICRF-193 induce preferential degradation of TOP2␤. VM-26, similar to ICRF-193, does not preferentially inhibit TOP2␤ over TOP2␣ (4) . Another possibility is that the ubiquitin-conjugating enzyme͞ubiquitin-ligating enzyme for TOP2␤ is more active than the ubiquitin-conjugating enzyme͞ubiquitin-ligating enzyme for TOP2␣. Currently, this possibility cannot be ruled out. The third possibility is that TOP2␤ and TOP2␣ are differentially located within the cell and perform different functions. This possibility seems reasonable, because TOP2␤ has been located within the rRNA genes and has been implicated in neuronal differentiation by affecting the transcription of certain genes (12) (13) (14) . Trapping of TOP2␤ within the transcribed regions by either VM-26 or would result in blockage of the Pol elongation complex and thus activation of proteasomal degradation of TOP2␤ (Fig. 8) .
ICRF-193 is known to kill yeast cells expressing hTOP2 and induces apoptosis in mammalian cells (23, 39) . Studies in yeast have demonstrated that ICRF-193-induced killing is unrelated to inhibition of the catalytic activity of TOP2 but is consistent with trapping of TOP2 into potentially lethal complexes (39) . Consistent with this notion, ICRF-193-induced apoptosis is much reduced in TOP2-deficient HL-60͞MX2 cells as compared with HL-60 cells (Fig. 4B) . We have noted that although ICRF-193 is as efficient as VM-26 in effecting TOP2␤ down-regulation, ICRF-193 is much less effective than VM-26 in inducing apoptosis. It seems plausible that apoptosis induced by VM-26 is primarily due to exposed DNA double-strand breaks (through TOP␤ degradation), whereas that by ICRF-193 is due to transcriptional arrest (see Fig. 8 ). The two signaling pathways may be quite different. Although the signaling pathway associated with DNA double-strand breaks has been studied extensively, little is known about the signaling pathway associated with transcriptional arrest. In this regard, it is interesting to note that ICRF-193 also activates G 2 checkpoint through ATM and Rad3-related͞polo-like kinase 1 (40) . It remains to be determined whether transcriptional arrest by the TOP2 circular clamp can activate ATR.
Transcriptional arrest by various DNA adducts is a frequent biological event. It has been shown that transcriptional arrest by DNA adducts or other agents signals p53 up-regulation and apoptosis (25, 26) . However, DNA adducts can signal through both transcription arrest and DNA damage. ICRF-193 being a non-DNA-damaging agent may offer a unique tool for studying the signaling mechanism associated with transcription arrest.
